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Neuroactivational and behavioral correlates of psychosocial stress-induced cocaine seeking in rats
Nicole M. Hinds, Ireneusz D. Wojtas, Desta M. Pulley, Stephany J. McDonald, Samantha de Guzman, Nicole E. Hubbard,
Colin M. Kulick-Soper, Jessica J. Debski, Bianca Patel, Daniel F. Manvich
Department of Cell Biology and Neuroscience, Rowan University School of Osteopathic Medicine, Stratford NJ
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Introduction
A prominent feature of cocaine abuse is a high risk of relapse even
despite prolonged periods of abstinence. Psychosocial stress is thought to
be a major contributor to the onset of cocaine craving and relapse in human
substance abusers, yet most preclinical models of stress-induced relapse
employ physical stressors (e.g. unpredictable footshock) or pharmacological
stressors (e.g. yohimbine) to elicit a drug seeking response, and do not rely
upon psychosocial stress per se. Importantly, social stressors are well known
to activate distinct neural circuits within the brain as compared to other
stressors. It is therefore possible that currently-available animal models of
stress-induced drug relapse do not fully engage the neuroanatomical,
neurochemical, and/or molecular substrates that are recruited specifically
by psychosocial stressors to produce drug-seeking behavior.
Social defeat stress has been proposed as an ethologically-valid
psychosocial stressor in rodents that more closely models the forms of
psychosocial stress that precede relapse episodes in drug abusers. We
previously developed a model of psychosocial stress-induced reinstatement
in rats in which cocaine seeking is elicited via exposure to a cue signaling
impending social defeat stress. Using this model, we discovered that
predilection towards displaying active coping behaviors during prior social
defeat stress exposures was positively correlated with levels of psychosocial
stress-induced cocaine seeking. The present study aimed to expand upon
these initial findings by assessing and comparing patterns of neural
activation in key brain areas during stress-induced cocaine seeking that is
triggered by psychosocial or footshock stress-predictive cues.

Cocaine self-administration is similar across SDS, FS, and EC
groups of rats, but cocaine seeking is greater in SDS and FS rats
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Figure 1: Cocaine self-administration and stressinduced reinstatement. (A) Active and inactive lever
presses and (B) number of reinforcers earned in
sessions 1-20 and the final 3 days of extinction (E1E3). (C) Active-lever presses during sessions 8-10
of cocaine self-administration (Maint), final 3 days
of extinction (Ext), and reinstatement test session
(Reinst). Data represent mean ± SEM lever presses.
Gray bars in (A) and (B) indicate sessions in which
episodic stress/no-stress events immediately
followed the self-administration session. * p<0.05,
**p<0.01, ***P<0.001, compared to Ext.
n=12-16/group.
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Upon completion of their respective stress/no-stress exposure, all animals were immediately returned to their
home cage. Self-administration on days 12, 13, 15, 16, 18, and 19 took place identical to days 1-10, i.e. with no
polycarbonate box or stress/no-stress conditions or exposures.

STRESS-INDUCED REINSTATEMENT: Animals were re-exposed to the perforated polycarbonate box which
originally signified their assigned impending stress or no-stress control condition and allowed to lever-press for 2
h under extinction conditions.

➢Psychosocial stress-induced cocaine seeking
magnitude is most closely associated with
“active defense” coping behaviors during prior
SDS episodes, consistent with our earlier work

aPAG and plPFC c-Fos expression significantly correlates with cocaine seeking magnitude across all subjects
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➢Exposure to a cue signaling impending social
defeat stress (SDS), footshock (FS), or empty
cage no-stress (EC) produces cocaine-seeking
behavior, but the greatest responses are elicited
by stress-predictive cues
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Figure 4: c-Fos immunohistochemistry in the prelimbic
prefrontal cortex (plPFC). (A) Wide-view image of
plPFC. (B-E) 20x magnification of a portion of plPFC
(indicated by white box in panel A) showing (B) Nissl
substance (neurons; red) (C) DAPI (cell nuclei; blue) (D)
c-Fos (green) or (E) a composite of all channels. (F)
Image from rat brain atlas (Paxinos and Watson)
showing representative location of plPFC. White arrows
indicate examples of c-Fos+ cells.

Figure 3: c-Fos immunohistochemistry in the anterior
periaqueductal gray (aPAG). (A) Wide-view image of
aPAG. (B-E) 20x magnification of a portion of aPAG
(indicated by white box in panel A) showing (B) Nissl
substance (neurons; red) (C) DAPI (cell nuclei; blue) (D)
c-Fos (green) or (E) a composite of all channels. (F)
Image from rat brain atlas (Paxinos and Watson) showing
representative subdomains of the aPAG. White arrows
indicate examples of c-Fos+ cells.

EXTINCTION: Extinction sessions began for all animals on session 21. Extinction sessions lasted 2 h and were
carried out 5-6 d/week, during which lever presses had no scheduled consequences. Extinction criteria were set at
≤ 15 active lever presses in 3 out of 4 consecutive sessions.

IMAGE ACQUISITION AND PROCESSING: Tissue sections were imaged on a Keyence BZ-X710
fluorescence microscope. Images were processed and number of c-Fos positive cells were counted using
Keyence’s Analyzer software, ImageJ, and Adobe Illustrator.

Summary

Immunohistochemical detection of c-Fos expression within the aPAG and plPFC during reinstatement test sessions

Animals in the Social Defeat Stress group (SDS, n=16) were removed from the self-administration chamber and
immediately subjected to social defeat stress using the resident-intruder procedure. Briefly, the subject was placed
into the home cage of a conspecific, same sex aggressive Long-Evans rat until one of the following situations
occurred: 1) The intruder was pinned in a submissive supine posture for 4 consecutive seconds, 2) the intruder was
bitten twice, or 3) 4 min elapsed. The rat was then placed back inside the perforated polycarbonate box and
returned to the resident-aggressor’s home cage for 5 additional mins of “protected’ interaction.

TISSUE PROCESSING & IMMUNOHISTOCHEMISTRY: Immediately at the end of the 2 h reinstatement
test session, rats were deeply anesthetized, transcardially perfused with ice cold PBS followed by 4% PFA, and
brains were extracted, post-fixed for 24 h in 4% PFA followed by submersion in 30% sucrose and freezing. Tissue
was sliced in the coronal plane at 30 μm using a cryostat and processed for c-Fos immunohistochemistry using
DAPI and Nissl fluorescent counterstains.
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Figure 2: Amount of time spent engaged in stress-coping behaviors during SDS episodes. (A) Percent time engaged in individual behaviors
averaged for each individual subject across 4 SDS exposures. Inset: categorical breakdown of cumulative time spent in active or passive behaviors.
(B-D) Correlation analysis of cocaine seeking magnitude with (B) passive behaviors, (C) active-avoidance behaviors, or (D) active-defense
behaviors. Data represent mean ± SEM % time spent in each behavior/category, averaged for each individual across 4 SDS exposures. n=16 in all
data sets.

EXPERIMENTAL GROUPS: During sessions 11, 14, 17, and 20, animals were placed in a perforated
polycarbonate box that allowed for unrestricted access to levers and lights during the session and acted as a
conditioned cue to signal impending stress or no-stress control exposures (see details below) that occurred
immediately after the conclusion of the session.

Animals in the Empty cage control group (EC, n=12) underwent the same procedure as the social defeat stress
group with the exception that they were placed into an uninhabited resident-aggressor home cage.
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c-Fos Immunohistochemistry and Analysis

SUBJECTS: Adult male and female Long-Evans rats (n=12=16/group).

Animals in the Footshock group (FS, n=12) were removed from the self-administration chamber and
polycarbonate box and immediately replaced into the self-administration chamber for 15 mins during which the rat
received 20 footshocks (0.5 mA, 0.5 s) presented at variable intervals (range 3-80 s).

Correlations of coping strategies with cocaine seeking magnitude
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Materials and Methods
COCAINE SELF-ADMINISTRATION: Rats were initially trained to lever-press for food reinforcement and
then implanted with intrajugular catheters. After recovery, rats self-administered cocaine (0.5 mg/kg/inf) in 2 h
sessions 5-6 d/week under a FR1 schedule of reinforcement for a total of 20 sessions. Each session was terminated
if 2 h elapsed or if the animal earned 60 reinforcers, whichever occurred first.

Psychosocial stress-induced cocaine seeking is most closely associated with frequency of “Active Defense” coping behaviors during prior SDS episodes

➢Cocaine seeking magnitude is correlated with
neural activity in the plPFC and aPAG,
regardless of stress modality exposure
➢Cocaine seeking produced by different stressor
modalities is associated with activation of
different subdomains within the aPAG
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Figure 5: Correlations of cocaine seeking and c-Fos expression in (A) aPAG and (B) plPFC in all subjects. Each data
point represents an individual rat from either the SDS group (n=16), FS group (n=12) or EC group (n=12).
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